Although it is commonly known as a helix breaker, proline residues have been found in the a-helical regions of many peptides and proteins. The antimicrobial peptide gaegurin displays a-helical structure and has a central proline residue (P14). The structure and activity of gaegurin and its alanine derivative (P14A) were determined by various spectroscopic methods, restrained molecular dynamics, and biological assays. Both P14 and P14A exhibited cooperative helix formation in solution, but the helical stability of P14 was reduced substantially when compared to that of P14A. Chemical-shift analysis indicated that both of the peptides formed curved helices and that P14 showed diminished stability in the region around the central proline. However, hydrogen-exchange data revealed remarkable differences in the location of stable amide protons. P14 showed a stable region in the concave side of the curved helix, while P14A exhibited a stable region in the central turn of the helix. The model structure of P14 exhibited a pronounced kink, in contrast to the uniform helix of P14A. Both peptides showed comparable binding affinities for negatively charged lipids, while P14 had a considerably reduced affinity for a neutral lipid. With its destabilized a-helix, P14 exhibited greater antibacterial activity than did P14A. Hence, electrostatic interaction between helical peptides and lipid membranes is believed to be the dominant factor for antibacterial activity. Moreover, helical stability can modulate peptide binding to membranes that is driven by electrostatic interactions. The observation that P14 is a more potent antibacterial agent than P14A implies that the helical kink of P14 plays an important role in the disruption of bacterial membranes.
All living organisms must defend themselves against environmental enemies. A clever strategy found in nature involves the secretion of small antimicrobial peptides in the early stages of infection. These peptides are beneficial in their quick and efficient response to infectious bacteria and fungi, and thus have survived throughout evolution even in animals with a much more complex defense system, the immune system [1] . Antimicrobial peptides have been isolated from plants [2] , fishes [3] , amphibians [4±6] , insects [7, 8] , and mammals [9, 10] .
Peptides with antimicrobial activity have been classified by structure into two main categories, an a-helix family and a defensin family. Peptides in the a-helix family generally have a random coil structure in aqueous solutions, but are induced to assume a helical conformation in organic solvents such as trifluoroethanol or liposome suspensions. These a-helical peptides penetrate bacterial membranes and disrupt membrane structure by ion channel formation [11] . Defensin family peptides can be further divided into two subgroups according to their structural topology. Mammalian defensins have a triple b-sheet structure [12] , while insect defensins form twostranded b-sheets with a flanking a-helix [13] . All defensins contain three disulfide bonds, but the topology and spacing of these bonds vary between species. Defensins alter bacterial membrane structure by multimeric pore formation [14] . It has been hypothesized that electrostatic interactions and membrane potential are important factors in the insertion into membranes by defensins.
A third, but less well-characterized class of antimicrobial peptides consists of those that do not belong to either of the two structural categories described above. Two such peptides are attacin [15] and apidaecin [16] . These peptides have been shown to be bacteriostatic rather than bacteriolytic, and thus exhibit their antimicrobial activity only with growing bacterial cells. Little is known about the structure of these peptides.
a-Helical peptides have been shown to act on a broad spectrum of microbes ranging from Gram-positive and Gramnegative bacteria to fungi and protozoa. The defensins, however, act only on Gram-positive bacteria, and attacins show activity against only a few species of Gram-negative bacteria. From a pharmaceutical standpoint, the hemolytic activity of selected antimicrobial peptides is another important factor to consider. For example, antimicrobial peptides from amphibian species have very little hemolytic activity. The properties of individual peptides that lead to the variations in antimicrobial and hemolytic activities that exist among such peptides are not well understood for the following reasons. First, the lipid compositions of membrane bilayers differ among the various microbial species and influence peptide function. Second, other characteristics of bacterial and fungal membranes such as glycosylation, sterol content, and membrane potential affect the ability of a peptide to interact with a lipid bilayer.
Proline has long been recognized as a helix-breaking amino acid, as a result of its lack of a hydrogen-bonding donor group and its steric hindrance of hydrogen bonding of the adjacent q FEBS 1999 residue [17] . Despite these unfavorable properties, prolines have been found in the helices of membrane bilayer spanning regions of integral membrane proteins [18] . The function of proline residues in the bilayer-spanning helical regions of proteins is not clear; however, it has been suggested that these amino acids regulate ion transport channels by cis±trans isomerization. A second type of polypeptide where prolines appear frequently are helical peptides that display membrane-penetrating activity. Such peptides include toxins such as mellitin [19] , which is found in bee venom, margatoxin, a component of scorpion venom [20] , antimicrobial peptides, such as cecropin [21] from the cecropia moth, and gaegurin [22] , buforin [23] , and brevinin [24] from amphibian species. The role of proline residues in these peptides has been investigated, but remains unclear.
Gaegurin is an antimicrobial peptide that belongs to the a-helix family and was isolated from the skin of a Korean frog Rana rugosa [22] . We reported previously that the active analogue of gaegurin, which has potent antimicrobial activity, has an unusually stable kink near the central proline residue, and that this rigid kink may play a role in the antimicrobial activity of the peptide [25] . In this study, we used CD and NMR spectroscopic methods to determine the conformational differences between the antimicrobial peptide with the central proline and its alanine derivative. The 3D structures of both peptides were determined by distance geometry and restrained molecular dynamics using the conformational restraints of NMR spectroscopy. Interaction of the peptides with membrane bilayers was investigated with CD and fluorescence spectroscopy, and the antimicrobial and hemolytic activities of the peptides were assessed in a biochemical assay. The relation between structural conformation and biological activity is discussed.
E X P E R I M E N T A L P R O C E D U R E S

Sample preparations
Peptides P14 (FLPLLAGLAANFLPTIISKISYKS) and P14A (FLPLLAGLAANFLATIISKISYKS) were chemically synthesized and purified by reversed phase-HPLC as reported previously [25] . The identities of the purified peptides were confirmed by matrix-assisted laser desorption/ionization mass spectroscopy (Kartos Kompact MALDI, UK). The amounts of purified peptides were determined by amino-acid composition analysis. Briefly, the lyophilized peptides were hydrolyzed in 6 m HCl for 24 h at 110 8C and converted to phenylthiocarbamoyl derivatives. The resulting samples were then subjected to a pico-tag analysis system on a Beckman 121 MB amino acid analyzer (Fullerton, CA, USA) to determine the peptide concentrations.
CD spectroscopy
CD spectra were obtained with a Jasco J-710 spectropolarimeter using a 1-mm quartz cell. Each spectrum was the average of three scans with the background of the buffer solution subtracted. Peptide concentration of a stock solution was determined by amino-acid composition analysis and diluted to 10 or 20 mm for measurement. The spectra were recorded at 22 8C, except in the temperature variation experiments, where a temperature range of 25±75 8C was regulated by an RTE-110 temperature controller. Trifluoroethanol titration and temperature variation experiments were performed using a binary mixture of water and trifluoroethanol. The a-helical contents of P14 and P14A were calculated using the mean residue ellipticity at 222 nm and the equation f H = [Q] 222 /[±40 000 Â (1 ± 2.5/n)], where f H represents a-helical content and n represents the number of peptide bonds [26] .
NMR spectroscopy
For NMR spectroscopy experiments, the peptide concentration was 2.2 mm in a mixture of unbuffered water and trifluoroethanol-d 3 (1 : 1, v/v) at pH 6. NMR spectra were obtained on a Bruker AMX 500 MHz spectrometer at 22 8C except in the temperature variation experiments. The raw data were processed on an OCTANE workstation (Silicon Graphics, Inc.) using the program felix95 (Molecular Simulations, Inc.) or xwinnmr 2.1 (Bruker). For sequential assignment, 2D TOCSY and NOESY spectra were obtained. The TOCSY spectrum was recorded with a mixing time of 75 ms using MLEV-17 composite pulses for the spin lock. NOESY spectra were recorded with mixing times of 100 ms, 150 ms, and 250 ms. Chemical shifts were referenced to the internal sodium 3-(trimethylsilyl)propane-1-sulfonate at 0 p.p.m., and data processing and sequential assignment were carried out as described [25] . Temperature variation experiments were performed by temperature elevation in five degree increments over a range of 5±45 8C. 2D spectra were obtained to determine the chemical shift values of all amide protons. In the 1D amide proton exchange experiments, freshly prepared peptide was dissolved in D 2 O/trifluoroethanol-d 3 , and 1D spectra were recorded immediately in the preshimmed probe. 1D and 2D spectra were obtained until all amide resonances disappeared.
Structure calculations
Structure calculations for P14 and P14A were performed with the molecular modeling software nmrchitect (Molecular Simulations, Inc.) assisted by the visualization software insight ii 97.2 (Molecular Simulations, Inc.) on an OCTANE workstation. One hundred and forty-five NOE restraints for P14 and 189 NOE restraints for P14A were used for structure calculation. The crosspeak intensities of NOE were classified as strong, medium, and weak and converted to upper bound distance restraints of 2.8, 3.6, and 5.0 A Ê . From small 3 J HN-Ha coupling constants, the f and c angles of the helical segments were confined to the ranges of 2808 to 2408 and 2908 to 2308, respectively, except for the helix termini and the proline kink region.
The initial structures of the peptides were built manually as extended strands, and then 20 structures were generated and refined by distance geometry calculation using dg ii (Molecular Simulations, Inc.) with NMR restraints. The structure that showed the lowest violation against the restraints was subjected to restrained molecular dynamics with the simulated annealing procedure [27] of nmrchitect. The consistent valence force field of discover 3.0 (Molecular Simulations, Inc.) was used for the molecular dynamics calculations. Nonbonded pair interactions were reduced to zero at a cutoff of 8 A Ê . The simulated annealing procedure was initiated by two steps of restrained energy minimization using steepest descent minimization and conjugate gradients minimization. The temperature was raised to 1000 K, and NOE, covalent, and nonbonding force constants were scaled up sequentially. The temperature was then gradually lowered to 300 K in five steps of restrained molecular dynamics of 10 ps each. Finally, the steepest descent minimizations (100 iterations) and subsequent conjugate gradients minimizations (1500 iterations) were performed twice. With 40 structures generated, the rmsd of each conformer and violations of NMR restraints were analyzed.
Phospholipid vesicle preparation
PtdCho and PtdGro from fresh egg yolk were purchased from Sigma, and the phospholipids were prepared in a chloroform solution. The solvent was evaporated under nitrogen gas flow and evacuated for at least 30 min to remove any remaining trace of the solvent. The dried thin films of phospholipid on the inner walls of the vials were suspended in a 10 mm Tris/HCl buffer (pH 7.0), and the solution was vortexed. The resulting suspension was sonicated with a Branson Sonifier 450 to produce small unilamellar vesicles. Phospholipid concentration was determined according to the method of Vaskovsky et al. [28] .
Assessment of peptide±liposome binding by CD and fluorescence spectroscopy
Peptide binding to small unilamellar vesicles was measured by CD spectroscopy for three kinds of liposomes: neutral PtdCho, negatively charged PtdGro, and a 2 : 1 mixture (molar ratio) of PtdCho and PtdGro. Minor contributions to CD and differential scattering of the small unilamellar vesicles were eliminated by subtracting the lipid spectra of the corresponding blank suspensions. In the liposome-binding assay, peptide concentration was 10 mm and lipid-to-peptide (L/P) ratio was 5, 10, 20, 40, and 80.
Interaction of the peptides with liposomes was also studied using a Shimadzu RF-5301PC spectrofluorometer with the emission and excitation slit widths of 3 nm. The fluorescence of Tyr23 was used as a probe; the excitation wavelength was 280 nm. Emission spectra were recorded from 290 to 400 nm. Samples for maximum fluorescence emission wavelength measurements were prepared as follows: individual peptides were dissolved at a concentration of 10 mm in either a 10 mm Tris/HCl (pH 7.0) buffer or in 0.4 mm lipid vesicles suspensions. Fluorescence was measured for the same three kinds of lipid vesicles used in the CD study (PtdCho, PtdGro, and a 2 : 1 mixture of PtdCho and PtdGro) at ambient temperature. Peptide-free lipid spectra were subtracted from the corresponding peptide-lipid fluorescence spectra to eliminate the light scattering caused by small unilamellar vesicles.
Antimicrobial assays
The antimicrobial activities of P14 and P14A were examined with the radial diffusion assay on a Bacillus subtilis lawn as described by Lehrer et al. [29] . A 20-mL culture of B. subtilis cells in mid-logarithmic phase was subjected to centrifugation, and the cell pellet was washed with cold 10 mm sodium phosphate buffer, pH 7.4, and resuspended in 10 mL of the same buffer. A volume of B. subtilis culture containing 1 Â 10 6 colony forming units was added to 6 mL of underlayer agar [10 mm sodium phosphate, 1% (v/v) trypticase soy broth, 1% agarose, pH 5.6], and the mixture was poured into a Petri dish. Peptide samples were added directly to 3-mm wells made on the solidified underlayer agar. After incubation for 3 h at 37 8C, the underlayer agar was covered with a nutrient-rich top agar overlay and incubated overnight at 37 8C. Antimicrobial activity was determined by observing the zone of suppression of bacterial growth around the 3-mm wells. The minimal inhibitory concentrations of the P14 and P14A against several species of Gram-positive and Gram-negative bacteria, as well as fungi, were determined as described by Park et al. [23] . The lowest concentrations of the peptides that showed visible suppression of growth were defined as the minimal inhibitory concentration.
Hemolysis assays
Hemolytic activities were measured as described by Aboudy and colleagues [30] with a slight modification. Fresh sheep erythrocytes (3 mL) [31] were washed with isotonic NaCl/P i , pH 7.4, until the supernatant became colorless. The washed erythrocytes were then diluted to a final volume of 20 mL with q FEBS 1999 NaCl/P i . Serially diluted peptide samples in NaCl/P i (10 mL) were added to 190 mL of the erythrocyte suspension in microfuge tubes. After gentle mixing, the tubes were incubated at 37 8C for 30 min and centrifuged at 2000 g for 5 min. The resulting supernatant (100 mL) was diluted to 1 mL with NaCl/P i , and the A 567 was determined. The ratio of the measured A 567 of this solution compared to that of a cell suspension treated with 0.2% Triton X-100 was defined as percentage hemolysis.
R E S U L T S A N D D I S C U S S I O N
Primary structure
Hydrophobicity values (, H .) and hydrophobic moment values (, m H .) were calculated for the 21 helix-forming residues of P14 and P14A using hydrophobicity scales from Eisenberg et al. [32] . P14 (, H . = 0.38, , m H . = 0.21) and P14A (, H . = 0.40, , m H . = 0.20) were largely hydrophobic. Both peptides had hydrophilic residues on one side of the a-helix in the helical wheel diagram. However, they had small hydrophobic moments because of a lack of hydrophilic residues in the N-terminal segment. Compared to other surface-binding peptides [for example, mellitin (, m H . = 0.57) and cecropin (, m H . = 0.80) [32] ], P14 and P14A exhibited much smaller hydrophobic moments.
Circular dichroism studies
Both P14 and P14A assumed a random coil conformation in aqueous solutions and formed a-helices in an aqueous trifluoroethanol solution (Fig. 1A) . P14 and P14A reached their maximum helicity at 30±50% trifluoroethanol (v/v), and helix formation was induced in a concerted manner, primarily in the range 10±30% trifluoroethanol. Maximum mean residue ellipticity at 222 nm was 219 990 for P14 and 231 490 for P14A in a 50% aqueous trifluoroethanol solution at 22 8C, which corresponds to values of 57% helicity for P14 and 89% helicity for P14A. The helical content of both P14 and P14A decreased linearly with temperature elevation up to 75 8C (Fig. 1B) . The linear slope implies that the global structure of the peptides did not change abruptly during the thermal melting process. In addition, peptide helicity was independent of peptide concentration from 5 mm to 100 mm, indicating that P14 and P14A form monomeric helices in a trifluoroethanol solution.
NMR results
The local conformations of P14 and P14A were studied in a 50% aqueous trifluoroethanol solution. Figure 2 shows sequential NOE connectivities between amide protons of the peptides, which are typically indicative of helical conformation. In addition to the sequential NOEs of d NN (i, i + 1), the medium range NOEs of Fig. 3 indicated that both peptides have a helix extending from Leu4 to Ser24. P14 has a proline in the middle of the helix, but sequential NOEs between the d protons of proline and the amide protons of its neighboring residues confirmed the persistence of the helical conformation through the prolinecontaining region. It has been reported that substitution of the proline residue with alanine diminished greatly the helicity measured by CD spectra [33] . Our results show that the decreased helicity of the proline-containing peptide resulted from reduced helical stability rather than reduced length of the helix. The decreased helicity of P14 could be partly due to the flexibility by the cis-trans isomerization of the peptide bond. However, the absence of the characteristic NOEs of the cis peptide bond [d aa (i, i + 1) and d Na (i, i + 1)] implies that the central proline adopted primarily the trans peptide bond. From the extent of medium range NOEs, the helix of P14 appears to be more helical in the C-terminal moiety than in the N-terminal moiety, but P14A shows a rigid structure throughout the helix. Chemical shifts of the amide protons of both peptides moved upfield with linear slopes between 278 K and 318 K (data not shown). This linearity indicates that the local conformations, as well as the global peptide structure observed in the CD spectra unfolded uniformly upon temperature elevation.
Backbone amide proton exchange
A comparison of the amide proton exchange profiles of P14 and P14A revealed a striking conformational difference between the peptides. P14 had stable amide protons on one side of the helix, while P14A had stable amide protons in the middle of the helix. For P14, the residues with long-lived amide protons were Leu13, Ile17, and Ile20, which were all on the hydrophobic face of the helix. However, in P14A the central region between Leu13 and Ile17 exhibited the largest protection. The lifetimes of the shielded amide protons of P14A were much longer than those of P14. In P14, the amide proton of Ile20 lasted 3 h and the amide proton of Ile17 remained for more than 48 h. Other amide protons vanished within 10 min except that of Leu13, which disappeared after 30 min. In P14A, almost all of the amide protons in the helix could still be observed after 4 h. The most stable amide protons in the central turn of the helix lasted for 1 week. Hence, the overall stability of the helix was much greater for P14A than for P14. Although P14 and P14A both formed a-helices cooperatively (Fig. 1A) , the extent of helicity was independent of the peptide concentration, indicating that the helices existed as monomers. The observation that the concerted mode of P14 and P14A helix formation in trifluoroethanol solution is a monomeric process suggested that there is a slow nucleation step in the course of helix formation. The nucleation may involve the formation of one or two helical turns, after which the helix can propagate cooperatively. The nucleation site is likely to be the most stable region of the helix; thus the ability of a region of the peptide to initiate nucleation is related to the helical propensity and the proper positioning of each residue in that region. It is not certain whether stable hydrogen bond formation is the initial step of peptide folding or simply the result of formation of the helix. Experimental results have supported the notion that the native-state slow exchange core is the folding core in proteins [34] . It is not clear that these results are valid in the case of the peptides; however, the unique stability profile of P14 afforded by its hydrophobic side chain interactions makes the proline kink a potent folding initiation site.
It has been reported that exchange rates and chemical shifts of amide protons in leucine zipper peptides exhibit pronounced periodicity [35] . It is interesting that P14 showed periodic behavior as a monomeric helix. The hydrophobic interaction of Leu and Ile side chains probably gives the backbone amide protons some shielding from solvent molecules. We observed the same exchange profiles at lower and higher temperatures, which indicates that the proline kink must be thermodynamically stable in the exchange process.
Chemical shift analysis Figure 4A shows the difference between amide proton chemical shifts and random coil shifts. The upfield shift of Thr15 of P14 is the result of loss of hydrogen bonding caused by the steric hindrance of Pro14. Both peptides show obvious periodicity, which is characteristic of a curved helix [37] . The presence of Pro14 did not alter the helical periodicity, and the periodicity of q FEBS 1999 P14 and P14A was nearly identical. Many of the naturally occurring helices in proteins have been found to be curved [38] , and it has been reported that helical curvature is correlated with the hydrophobic moment of a peptide [39] . Given P14 and P14A have small hydrophobic moments of 0.21 and 0.20, respectively, we suggest that the curvature of our peptide helices is driven mainly by interaction of the long aliphatic side chains of Leu and Ile. The hydrophobic interaction of long aliphatic side chains, as well as the large hydrophobic moments of amphiphilic helices is believed to be the key factor that generates helical curvature. Figure 4B shows the difference between a proton chemical shifts and random coil shifts. These differences have been correlated with the main chain flexibility of proteins, as the profile is similar to that of B factors in X-ray crystallography [40] . P14 has increased flexibility in the turn that precedes the proline residue, which is consistent with the NOE diagram showing fewer medium range NOEs in the N-terminal region (Fig. 3) . The chemical shift differences of P14A indicate that the central turn is the most helical part of the helix.
Structure calculations
On the basis of NMR data, we built 3D structures of P14 and P14A in an aqueous trifluoroethanol solution. Forty conformers were generated by the simulated annealing procedure starting from the distance geometry structure. Six conformers having the lowest conformational energy and containing the minimal constraint violations were selected and analyzed. The superimposed structures of P14 and P14A indicated that both helices are well defined, except for three N-terminal residues. The distance violations of P14 were less than 0.07 A Ê , and the dihedral violations were less than 18, except for two C-terminal residues. The rmsd of P14 was 1.44 A Ê for the backbone atoms. The distance violations of P14A were less than 0.11 A Ê , and the dihedral violations were less than 5.88, except for two C-terminal residues. The rmsd of P14A was 0.79 A Ê for the backbone atoms.
3D structures of P14 and P14A are displayed with a schematic secondary structure diagram in Fig. 5 . Each structure was selected from the six converged conformers described above, and the schematic diagram was drawn with insight ii 97.2 software using the internal Kabsch and Sander type algorithm. The helical segment is depicted by red cylinders and the coil segment is depicted by green ribbons. P14 showed two short helical segments connected by the proline kink, while P14A exhibited a uniform helix throughout the peptide. N-Terminal and C-terminal residues were less well defined because of fraying of the helix. For P14, the hydrophobic residues were located on the concave side of the kink, and hydrophilic residues were on the convex side.
Membrane binding
P14 and P14A showed similar binding affinities for negatively charged lipids, but different affinities for neutral lipids (Fig. 6) . P14 binding to negatively charged lipids was saturated at an L/P ratio of 10, while binding to neutral lipids was not saturated until an L/P ratio of 80 was reached. In a mixture of anionic and neutral lipids, saturation of P14 binding to lipids was reached at an L/P ratio of 40. In contrast, P14A binding to lipids reached near saturation at an L/P ratio of 5±10, irrespective of the type of lipid (anionic or neutral) that was used in the experiment. The increased helical stability of P14A probably endowed the peptide with a greater ability to bind to neutral lipids.
Fluorescence studies of peptide±lipid interactions yielded results similar to those observed with CD (Fig. 7) . For P14 with neutral lipids, only a small enhancement of the quantum yield of fluorescence was apparent, while with anionic lipids a large increase was observed. For P14A, both with neutral and anionic lipids showed a large enhancement of the quantum yield. The enhanced quantum yield upon membrane binding, as shown by the fluorescence spectra, indicates that the peptides are bound to the lipid membrane. The absence of a blue shift of the emission maximum could be the result of the position of a tyrosine residue in the peptide. The tyrosine residue, which was used as a fluorescence probe, is close to the hydrophilic C-terminus, so that the tyrosine is likely to be placed near the head group of the lipid membrane. The slight red shift of the emission maximum observed with P14 may have arisen from the placement of a charged residue near the tyrosine in the helix, as Lys19 is located close to the tyrosine residue during helix formation.
The reduced binding of P14 to neutral membranes implies that a peptide's inherent helicity is a primary factor influencing its interaction with neutral membranes. In the case of anionic lipids, electrostatic interactions facilitate peptide binding to the membrane, so that the binding of both peptides was saturated at an L/P ratio of 10. For P14, the mixed lipid membrane (PtdCho and PtdGro) displayed a binding behavior that was intermediate between those of anionic and neutral membranes. This observation supports the hypothesis that electrostatic interactions play a key role in the interaction of P14 with membranes. The enhanced membrane interaction observed for P14 upon increasing the anionic lipid content indicates that the charge content in the lipid bilayer and the helical stability of peptides can modulate the binding of peptides to a membrane.
For hydrophobic peptides with hydrophobicity below the threshold value that promotes spontaneous membrane insertion, electrostatic interactions provided by anionic phospholipids become essential for peptide binding and insertion into membranes [41] . In other words, the hydrophobicity of the peptide can be one of the factors that modulate membrane binding driven by electrostatic interactions. We suggest that in addition to hydrophobicity, helical stability is another factor that regulates membrane binding driven by electrostatic interactions (Figs 6 and 7) . The charge content of biological membranes is diverse, varying from species to species. The variations in the hydrophobicity and helical stability of membrane-binding antimicrobial peptides would provide organisms with greater opportunity to fine-tune their defense system.
It has been reported that peptides with double d-amino acid replacements, and thus less helical structures, exhibit reduced bilayer disturbing activity and that hydrophobic interactions drive penetration of the peptides into the membrane [42] . However, our results in Fig. 6 demonstrate that: (a) membrane interaction of P14, with its central proline and diminished helical stability, is dependent on the charge content of the bilayer; and (b) membrane binding is driven mainly by electrostatic interactions.
Biological activities
Antimicrobial activities were measured for six different microorganisms including Gram-positive bacteria, Gram-negative bacteria, and fungi. As shown in Table 1 , P14 and P14A showed strong antimicrobial activities against a broad spectrum of bacteria and fungi. The antimicrobial activity of magainin 2 was used as a control. P14 and P14A exhibited similar activities against fungi, but P14 displayed stronger antibacterial activities than did P14A. For example, P14 showed eight times higher killing activities against Pseudomonas putida, a species of Gramnegative bacteria. Because P14 showed more potent antibacterial activity than its alanine derivative (P14A), in spite of its reduced helical stability and neutral membrane interaction, we suggest q FEBS 1999 that antibacterial activity is driven mainly by electrostatic interactions. Anionic lipid composition in bacterial membranes varies among species, but is estimated to be < 20%. It is supposed that the interactions between negative charges dispersed in the bacterial membrane and positive charges in the helical peptides play a crucial role in antibacterial activity. Our results agree with a recent report that showed that preforming an a-helix by introducing a lactam bridge into an antimicrobial peptide is not necessarily beneficial to the bactericidal activity of the peptide [43] . Taken together, these results imply that antimicrobial activity is not directly proportional to the helical stability of the peptides.
It is interesting that P14 and P14A did not disrupt the membranes of mammalian red blood cells (Table 2 ). There are two plausible reasons for this low hemolytic activity. One is the composition and structure of the erythrocyte membrane. The erythrocyte membrane is composed mainly of neutral phosphatidylcholine and phosphatidylethanolamine, with no acidic lipids. Sialic acids, one of the erythrocyte components, have negative charges and are reported to be located in the outer leaflet about 808 from the surface [44] . It has been suggested that the charges may act to keep the cationic peptides far from the red blood cell membrane [45] . Another reason for the low hemolytic activity of P14 and P14A might be the high content of leucine and isoleucine residues in our peptides. From model peptide studies, it has been reported that replacing aromatic Trp or Phe residues with aliphatic Leu residues drastically reduces hemolytic activity and only slightly decreases bioactivity [46] .
Effect of proline kink on bioactivity
The fact that P14 exhibited greater antibacterial activity than P14A indicates that the helical kink may play a role in biological activity. It has been shown that a synthetic analogue (Pro3Ala) of mellitin is less able to induce voltage-dependent ion conductance in planar bilayers [47] . P14 has two helical parts with the proline residue as a linker (Fig. 5) . This kink motif is likely to serve as a hinge region to facilitate the ion channel activation and thus enhance antibacterial activity. The hinge region may help the peptides form funnel-shaped channels to assist the gating mechanism of ion transport. The hypothesis that gating of the channel is facilitated by proline has been proposed for the membrane-spanning helices of transport proteins [48] . However, it is not certain whether cis± trans isomerization is crucial for the bactericidal activity of antimicrobial peptides.
It has been reported that proline residues within a peptide chain may provide some protection against nonspecific proteolytic degradation [49] . Microbial organisms secret proteases as their mechanism of self-defense. The ability of a host's antimicrobial peptides to escape proteolytic degradation by bacterial enzymes can possibly account for the higher antibacterial activity. The precise mechanism by which the proline kink enhances antibacterial activity is under investigation in our laboratory.
In summary, we have determined the conformation of a helical antimicrobial peptide with a central proline residue and its alanine derivative. We have correlated their conformations with membrane binding activities and biological activities. The binding of peptides to neutral lipids depends on helical stability, and interaction of a less stable helical peptide with a membrane increases with the anionic lipid content in the lipid bilayers. We have shown that P14 is a more potent antibacterial peptide than is P14A; thus it is likely that the extent of antibacterial activity is largely determined by electrostatic interactions. In addition, the fact that the presence of a helical kink increased the efficiency of bacteria killing by P14 implies that the kink plays a role in the enhancement of ion channel formation in biological membranes. Given the increased antimicrobial activity of P14, helical peptides containing the kink motif may provide insights into the design of model peptides with more potent bactericidal activities. Such peptides may serve as antimicrobial drug leads.
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